The replicative strategies of viroids differ in several fundamental aspects from those of RNA plant viruses. Rather than replicating in the cytoplasm, like most viruses, viroids must first he transported into either the nucleus (pospiviroids) or the duoroplast (avsunviroids) before the beginning of replication. The RNA polymerases involved in viroid replication -DNA-dependent RNA polymerase II or a nuclearencoded chloroplastic RNA polymerase -are entirely host-encoded, and the absence of viroid-encoded polypeptides strongl y suggests that the subsequent cell-to-cell and long-distance movement of progeny is also completely dependent on normal host cell pathways. Recent studies with potato spindle tuber viroid (PSTVd) have identified specific structural features that are involved in: (i) cleavage or ligation of mphcative intermediates; and (ii) transport of viroid progeny across tissue boundaries. Significant progress has also been made in unraveling the molecular mechanism(s) of viroid pathogenesis, in particular, the possible role of viroid-induced RNA silencing in disrupting host gene expression. The availability of detailed information regarding host contributions to the disease process has provided new opportunities to target disruption of specific events in the viroicl replication cycle. Plants that are resistant or immune to infection can be used to augment the diagnostic testing and seed or nursery stock certification schemes currently used to control viroicl diseases.
Introduction
Ever since their discovery in 1971, viroids have been the subject of intense interest. Viroids are the smallest known agents of infectious disease -small (246-401 nucleotides), highly structured, circular, single-stranded RNAs lacking detectable messenger RNA activity. Viruses supply some or most of the genetic information required for their replication, whereas viroids are regarded as 'obligate parasites of the cell's transcriptional machinery'. Over the last 35 years, much has been learned about the molecular biology of viroids and viroici-host interaction, but the precise nature of the molecular signals that allow these agents to replicate autonomously and induce disease in many of their plant hosts remains elusive. A series of questions first posed by Diener, their discoverer, summarize many gaps in our current understanding of viroids:
1. What are the molecular signals that induce certain host DNA-dependent RNA polymerases to accept viroids as templates for the synthesis of complementary RNAs? 2. Are the molecular mechanisms that are responsible for viroid replication operative in uninfected cells? If so, what are their functions? 3. How do viroids induce disease? In the absence of viroid-specified proteins, disease must arise from the direct interaction of host cell constituents with either viroids themselves or viroid-derived RNAs. What role does RNA silencing play in the disease process? 4. What determines viroid host range? In the broadest terms, are viroids restricted to higher plants, or do they have counterparts in animals?
The impact of efforts designed to answer these questions extends far beyond the immediate areas of virology and plant pathology. For example, the discoveries of hammerhead ribozymes (Hutchins et a] ., 1986) and RNA-dependent DNA mnethylation (Wassonegger et a],, 1996) as well as the characterization of the RNA-dependent RNA polymerase involved in RNA silencing (Schiebel et 01., 1998) are landmarks in plant molecular biology and biotechnology. In the area of plant disease management, the first application of nucleic acid-based diagnostics involved the diagnosis of potato spindle tuber viroid (PSTVd) infections (Owens and Diener, 1981) . Subsequently, PSTVd has been virtually eliminated from both potato breeding programmes and commercial production in Europe and North America, thereby illustrating the value of combining a rapid and sensitive diagnostic method with a rigorous clean stock or seed certification scheme. In contrast, attempts to create plants that are resistant or immune to viroid infection using knowledge gained from fundamental studies have been only partially successful so far. In summarizing our current understanding of the viroid replication cycle, this chapter will attempt to identify potential 'weak points' where future biotechnological interventions may lead to useful levels of resistance.
Background
A review by Diener (2003) provides a comprehensive personal perspective on the discovery of viroids in the late 1960s to early 1970s. At the same time that characterization of PSTVd was underway at Beltsville, Maryland, USA, the causal agents of two other viroid diseases -chrysanthemum stunt and citrus exocortis -were also under study by independent groups. Thus, many plant virologists quickly recognized the potential significance of viroids as a novel class of infectious agents, but broader acceptance of the 'viroid concept' required their physical recognition as ultraviolet (UV) light-absorbing RNA molecules in polyacrylamide gels or small circular molecules visible in the electron microscope. This pioneering phase of viroid research ended in 1978 with determination of the complete nucleotide sequence of PSTVd (Gross et al., 1978) .
Shortly thereafter, sequences of several other viroids, including those of citrus exocortis (CEVd), chrysanthemum stunt (CSVd) and avocado sunblotch (ASBVd) appeared, and the knowledge of their molecular properties began to expand at a rapid rate. A key event in this rapid expansion was the development of cloned viroid cDNAs using recombinant DNA techniques. In addition to greatly facilitating nucleotide sequence determination, cloned viroid cDNAs found immediate use as hybridization probes. In rapid succession, cloned viroid cDNA probes were used to demonstrate that: (i) PSTVd replication proceeds through an asymmetric rolling circle mechanism (Branch and Robertson, 1984) and (ii) the rapid and sensitive detection of PSTVd using dot-blot hybridization (Owens and Diener, 1981) , Comparison of the complete nucleotide sequences of several viroids led Symons and colleagues (Keese and Symons, 1985) to propose that PSTVd and related viroids contain five structural domains. Sequence differences between naturally occurring mild and severe strains of PSTVd and CEVd were seen to cluster in the 'pathogenicity domain', an observation that has had a major influence on the course of viroid research. Sensitivity to low levels of c-amanitin implicated DNA-dependent RNA polymerase II as the host enzyme responsible for the replication of PSTVd and related viroids (Schindler and Muhlbach, 1992) .
During this time, ASBVd RNAs of both polarities were shown to undergo spontaneous self-cleavage in vitro (Hutchins et a] ., 1986), revealing for the first time the existence of hammerhead ribozymes. Characterization of ASBVd replicative intermediates revealed that this (and presumably other) ribozyme-containing viroids replicate through a symmetric rolling circle mechanism (DarOs et a]., 1994). Yet another key event was the demonstration in 1983 that inoculation of susceptible host plants with greater-than-full-length PSTVd cDNAs resulted in systemic infection (Cress et a]., 1983) , thereby allowing the application of reverse genetics to the study of viroid-host interaction. Characterization of novel viroid chimeras assembled using recombinant DNA techniques revealed that symptom expression is regulated by multiple sequence or structural elements, some of which are located outside the pathogenicity domain (Sano et a]., 1992) . By the mid-1990s, most of the 29 currently recognized viroid species had been discovered and the broad outlines of their two contrasting replicative mechanisms were established. Over the past decade, molecular studies of viroid-host interaction have focused on three broad areas. First, sequence elements that act as promoters for either RNA polymerase II (PSTVd and other pospiviroids replicating in the nucleus) or a nuclear-encoded RNA polymerase found in the chloroplast (ASBVd and other avsunviroids replicating in chloroplasts) have been identified Kolonko etal., 2006) , and the series of molecular rearrangements necessary for multimeric PSTVd RNAs to undergo cleavage or ligation by host enzymes has been defined (Baumstark et a] ., Schrader et al., 2003) . The picture of viroids that emerges is one of a group of highly dynamic molecules in which alternative secondary structures and tertiary interactions play a crucial role in almost every phase of viroid-host interaction. Second, separate groups of studies have focused on the ability of viroids to move systemically in their hosts without the aid of viroid-encoded proteins. Of the many different techniques used to study viroid movement -from the cytoplasm into the nucleus or chloroplasts prior to replication, from cell to cell through the plasmodesmata and long distance in the vascular system -in situ hybridization has proven particularly useful in identifying potential control points in the infection process (Ding et a] 
Molecular biology of viroid replication
In focusing on aspects of viroid replication that currently seem most likely to involve potential disease management targets, it has been necessary to lay aside several related topics such as the origin and evolution of viroids. Fortunately, an up-to-date monograph (Hadidi et a]., 2003) and three recent reviews 2005) are available for those desiring additional information on other aspects of viroid molecular biology.
As shown in Table 6 .1, the 29 officially recognized species of viroids are divided into two families (i.e. the Pospiviroidae and the Avsunviroidae) that contain a total of seven genera. All 25 species (and one provisional species) in the family Pospiviroidae have a rod-like secondary structure that contains five structural or functional domains (Keese and Symons, 1985) and replicate in the nucleus. Three of the four members of the Avsunviroidae, in contrast, have a branched secondary structure, and all replicate or accumulate in the chloroplast. All members of the Avsunviroidae contain hammerhead ribozymes in both the infectious (+)strand and complementary (-)strand RNAs. With the possible exception of PLMVd, viroids appear to contain no modified nucleotides or unusual phosphodiester bonds.
Viroids differ dramatically in host range. Some like PSTVd and HSVd have comparatively broad host ranges that include diverse herbaceous and woody species; others are restricted to either a single species (CChMVd) or a closely related group of species (ASBVd). Most detailed studies of viroid rep- 
Intracellular Transport to the Nucleus or the Chloroplast
Viroids enter the host cell in one of the two ways: through microscopic wounds in epidermal cells (mechanical inoculation) or through the plasmodesmata connecting most vascular and non-vascular cells (grafting or slash inoculation). Once in the cytoplasm, they must be transported to either the nucleus or the chloroplast before replication begins. Two different experimental strategies have been used to study the movement of PSTVd into the nucleus. Addition of full-length, fluorescently labelled PSTVd RNA transcripts to a suspension of permeabilized tobacco protoplasts is followed by accumulation in the nucleus. Through the use of various inhibitors, nuclear import was shown to be a cytoskeleton-independent process mediated by a specific and saturable receptor and independent of the Ran GTPase cycle (Woo eta]., 1999) . In the second system, green fluorescent protein (GFP) expression from a potato virus X gene vector replicating in the cytoplasm was completely blocked by inserting an intron into the coding sequence of GFP. When a full-length copy of PSTVd was inserted into this intron, however, the resulting mRNA was transported into the nucleus, the intron was removed, and the perfectly rejoined mRNA was returned to the cytoplasm for translation into protein (Zhao eta]., 2001) . Subsequent experiments have shown that nuclear import of PSTVd requires only the presence of sequences derived from the upper portion of the central conserved region (R.W. Hammond, Beltsville, Maryland, 2007, personal communication) . Although it is likely that PSTVd is transported to the nucleus as a ribonucleoprotein complex, the host proteins involved in transport remain to be identified. The central domain of PSTVd and related viroids contains a loop E motif (Branch eta]., 1985) , 50 The entry or exit of ASBVd and other avsunviroids in the chloroplast is unknown. The outer chloroplast membrane contains no structures corresponding to the nuclear pore complex. Protein import into the chloroplast (followed in some cases by insertion into the thylakoid membranes) depends on the presence of N-terminal signal sequences (Jarvis and Robinson, 2004) . Flores and colleagues (DarOs and Flores, 2002) have identified two chloroplast proteins that behave like RNA chaperones and facilitate the hammerhead-mediated self-cleavage of ASBVd. These proteins are encoded by the nuclear (rather than the chloroplast) genome, and thus they could also play a role in viroid movement into the chloroplast. As no viral or cellular RNAs are known to move from the cytoplasm to the chloroplast, the pathway by which these few viroids enter the chloroplast is completely unknown.
Rolling circle replication
As shown schematically in Fig. 6 .2, nucleic acid extracts from infected leaf tissue contain a variety of viroid-related RNAs of both polarities. Some of these molecules (especially those having a complementary or '(-)strand' polarity) are considerably longer than the infectious circular viroid (+)strand. Characterization by Northern analysis using strandspecific probes and/or primer extension has shown that these molecules represent the intermediates expected for a 'rolling circle' mechanism of replication. Analysis of ASBVd-infected leaf tissue reveals the presence of monomeric circular RNAs of both polarities (DarOs eta] ., 1994); thus, ASBVd (and presumably other avsunviroids) replicate through a symmetric rolling circle mechanism. Replication of PSTVd, in contrast, proceeds through an asymmetric rolling circle mechanism in which progeny (+)strands are synthesized on a multimeric linear (-)strand template (Branch and Robertson, 1984) . The presence of hammerhead ribozymes in both strands allows multimeric ASBVd RNA to cleave spontaneously, thereby releasing the corresponding linear monomers. Processing of longer-than-unit-length PSTVd (+)strand RNA requires the central conserved region to fold into a multihelix junction containing at least one GNRA tetraloop hairpin followed by cleavage by an as-yet-unidentified host nuclease (Baumstark et a] ., 1997). Although evidence has been presented suggesting that monomeric linear PLMVd molecules can spontaneously circularize with the formation of a 2,5-phosphodiester linkage (Cote et a] ., 2001), circularization of most viroids appears to require the action of a host RNA ligase.
A central question about viroid replication concerns the identity of the polymerase(s) involved. Inhibition of (+)strand and (-)strand PSTVd RNA syntheses by cx-amanitin exhibits exactly the same dose-response effect in nuclear run-off experiments as does host mRNA synthesis (Schindler and Muhlbach, 1992) , thereby implicating host DNA-dependent RNA polymerase II as the enzyme responsible for pospiviroid replication. Actinomycin D (a widely used inhibitor of rRNA synthesis) had no effect. Direct evidence for an association between RNA polymerase II and CEVd has been presented by Warrilow and Symons (1999) , who showed that addition of a monoclonal antibody directed against the C-terminal domain of the largest subunit of RNA pol II results in immunoprecipitation of a nucleoprotein complex containing both (+)strand and (-)strand CEVd RNAs. Resistance of ASBVd RNA synthesis in permeabilized chloroplasts to tagetitoxin inhibition suggests that a nuclearencoded RNA chioroplastic polymerase (and not the eubacterial-like RNA polymerase encoded by the plastid genome) is responsible for ASBVd strand elongation.
Initiation of both ASBVd and PSTVd RNA syntheses appears to be promoter-driven. For ASBVd, both (+)strand and (-)strand syntheses initiate within AU-rich regions located in the terminal hairpin loops of the rod-like native structure. Interestingly, the nucleotide sequences around the ASBVd start sites bear a striking resemblance to the promoter sequences of certain chloroplast genes transcribed by the same nuclear-encoded RNA polymerase believed to be responsible for ASBVd replication . A recent publication from the Riesner laboratory (Kolonko et a]., 2006) has shown that transcription of PSTVd (+)strand template by RNA polymerase II starts at either position 359 or 1 in the left terminal loop. Exactly how ASBVd or PSTVd redirect the respective host DNA-dependent RNA polymerases to accept its quasi-double-stranded RNA genome as template remains to be determined.
Movement from the nucleoplasm to the nucleolus
The involvement of RNA polymerase II implies that PSTVd replication occurs in the nucleoplasm of infected cells, and two studies (Harders et al., 1989; Qi and Ding, 2003a) have examined the relative distribution of (+)strand and (-)strand PSTVd RNAs between the nucleoplasm and the nucleolus in some detail. The picture that emerges indicates that: (1) synthesis of both (-)strand and (+)strand PSTVd RNAs occurs in the nucleoplasm; (ii) (-)strand PSTVd is somehow 'anchored' in the nucleoplasm, while (+)strand PSTVd is selectively transported into the nucleolus; and (iii) a small amount of (+)strand PSTVd moves back into the nucleoplasm and eventually returns to the cytoplasm before spreading to adjacent cells through the plasmodesmata. Because the in situ hybridization techniques used cannot distinguish multimeric from monomeric PSTVd RNAs, it is not clear whether the cleavage or ligation of nascent (+)strand PSTVd multimers occurs in the nucleoplasm (i.e. the site of synthesis) or in the nucleolus (site of accumulation). Following movement to the nucleolus, PSTVd colocalizes around the periphery with small nucleolar RNAs (snoRNAs) U3 and U14. Unlike hepatitis delta virus where two different host RNA polymerases may required to complete the replication cycle (Lai, 2005 ; for opposing view, see Taylor, 2006) , there is currently no evidence that PSTVd replication involves any polymerase other than RNA pol II.
Export from the nucleus and formation of siRNA
How PSTVd and related viroids leave the nucleus is currently unclear. In addition to its role in ribosome biosynthesis, the nucleolus plays an important role in many other important cellular processes involving RNA and protein trafficking (Kim et a]., 2004) . The presence of a loop E motif in their central domain suggests that, like 5S rRNA, pospiviroids may interact with ribosomal protein L5 and transcription factor III A. In Arabidopsis, TFIIIA is concentrated at several nuclear foci, including the nucleolus, but is absent from the cytoplasm. Ribosomal protein L5 also accumulates in the nucleus and the nucleolus, and is also present in the cytoplasm (Mathieu et a]., 2003) . It is possible that viroid transport to the cytoplasm involves the pathway used by host ribosomal RNAs.
A review by Baulcombe (2004) summarizes evidence for the existence of at least three RNA silencing pathways in plants. Silencing signals can be amplified and transmitted between cells, and the biological roles of these pathways -defence against virus infection, regulation of gene expression and formation of heterochromatin -are diverse. Over the past several years, several reports have appeared which documented the presence of viroidspecific silencing-induced RNAs in plants infected with PSTVd and ASBVd (reviewed in . As shown in Fig. 6.2, it is not yet clear where and how these viroid-specific siRNAs are produced. Their site(s) of action is also unclear. Because Dicer (an RNase Ill-like enzyme) is not known to be present in the chloroplast, formation of ASBVd (and presumably other avsunviroid) siRNAs probably takes place in the cytoplasm. PSTVd-related siRNAs may or may not originate in the nucleus, but biochemical analyses have shown that they accumulate in the cytoplasm (Denti et al., 2004) . Whether Dicer acts on single-stranded viroid RNAs themselves and/or double-stranded by-products of the replication is also unknown. Wheat germ extracts contain a Dicer activity that is able to cleave one of the long hairpin stems in PLMVd (Landry and Perrault, 2005) , but human dicer is unable to cleave either ASBVd or PSTVd (Chang eta]., 2003) .
What, if any, role does RNA silencing play in regulating viroid replication and pathogenicity? Two observations -first, an inverse correlation between avsunviroid titre and siRNA concentration (Martinez de Alba et a]., 2002); second, the accumulation of PSTVd siRNA preceding recovery from severe disease (Sano and Matsura, 2004 ) -indicate that RNA silencing can suppress viroid replication. On the other hand, the fact that plants infected by mild and severe strains of PSTVd or CChMVd contain very similar levels of siRNA suggests that siRNA concentration alone cannot explain the often dramatic differences in viroid symptom expression. The possible role of viroid-induced RNA silencing in regulating host gene expression is considered in more detail below (see the section on evolving concepts of viroid pathogenesis).
Cell-to-cell movement via the plasmodesmata
Plasmodesmata function as a supracellular control network in plants, allowing proteins and RNA to move from cell to cell and affect developmental programmes in a non-cell-autonomous manner . Following microinjection into symplastically connected leaf mesophyll cells, fluorescently labelled PSTVd moves rapidly from cell to cell where it accumulates in the nucleus (Ding et a] ., 1997). Further evidence that viroids contain specific sequence or structural motifs for plasmodesmatal transport comes from the ability of otherwise non-mobile RNAs to move from cell to cell following their fusion to PSTVd. Movement of many viral genomes (both RNA and DNA) through plasmodesmata requires specific viral-encoded movement proteins' (Lucas, 2006) . Viroid movement from cell to cell presumably involves interaction with one or more host proteins, but their identity remains to be determined.
Phloem-mediated long-distance movement
Viroids, like most plant viruses, move systemically in the host phloem. Dot-blot hybridization analysis of tomato seedlings infected with wildtype PSTVd (Palukaitis, 1987) has shown that overall viroid movement follows the flow of photoassimilates; i.e. from photosynthetic source (mature leaves) to metabolic sinks (shoot apex, young leaves and roots).
Upon closer examination using in situ hybridization, however, a much more nuanced picture of viroid-host interaction emerges. PSTVd movement in the phloem is tightly regulated by developmental and cellular factors and probably sustained by replication in phloem-associated cells (Zhu et a] ., 2001). For example, viroid could not be detected in shoot apical meristems of PSTVd-infected tomato or Nicotiana benthamiana plants, even though it was present in the underlying procambium and protophloem. Similarly, PSTVd appears unable to enter developing flowers of N. benthamiana, but is found in the sepals (although not other portions) of mature flowers (Zhu et a1., 2002) . These types of restrictions on viroid trafficking are not absolute, however, because PSTVd (as well as several other viroids) is seed-transmitted in certain hosts.
Viroid movement in the phloem almost certainly involves interaction with host proteins and formation of a ribonucleoprotein complex. Two studies have shown that the most abundant protein in cucumber phloem exudate, a dimeric lectin known as phloem protein 2 (PP2), binds nonspecifically to HSVd RNA in vitro (Gomez and Pallas, 2001; . A follow-up (Gomez and Pallas, 2004) revealed that cucumber PP2 contains a dsRNA-binding motif and is able to move from an HSVdinfected host rootstock into a non-host (i.e. pumpkin) scion. These interactions may be part of a 'systemic small RNA signalling system' that involves a variety of phloem proteins and plays a key role in regulating plant development and defence against pathogens (Yoo et a]., 2004) .
Although much remains to be learned about the factors that control the ability of viroids to enter and exit host vascular tissue, a study by Ding and colleagues (Qi et 01., 2004) has demonstrated a direct role for a bipartite sequence motif in mediating the directional movement of PSTVd across a specific cellular boundary separating the bundle sheath from the leaf mesophyll. A single C/U substitution at position 259 within the loop E motif of PSTVd strain KF440-2 was known to confer upon this molecule the ability to replicate in tobacco (Wassenegger et a]., 1996) , and further passage in tobacco resulted in a several-fold increase in viroid titre and the appearance of five additional sequence changes; i.e. four changes at positions 47, 309, 313 and 315 in pathogenicity domain on the left side of the molecule and one change at position 201 in the right terminal loop. Analysis of the effects of individual mutations revealed that four of these five changes (i.e. all but a U/C change at position 315) were required to allow PSTVd to leave the bundle sheath and move into the mesophyll. The presence or absence of this bipartite motif had no effect on movement in the opposite direction (Qi et a] ., 2004; see also Qi and Ding, 2002) .
Evolving concepts of viroid pathogenesis
Shortly after the appearance of the first complete viroid nucleotide sequence in 1978 RNA fingerprinting studies revealed the presence of only minor sequence differences between mild and severe strains of PSTVd (Dickson et a]., 1979) . Nearly all of these changes later proved to be located in the 'pathogenicity domain' of PSTVd, and much effort has been expended over the years to determine exactly how mutations affecting only 1-2 positions can have such dramatic biological consequences.
Initial results suggested that PSTVd symptom severity was inversely correlated with the structural stability of a 'virulence modulating' region located within the pathogenicity domain. Nucleotides in the virulencemodulating region were proposed to interact directly with one or more unidentified host factors, the strength of this interaction thereby regulating viroid pathogenicity (Schnölzer et a]., 1985) . However, several later studies showed this model to be overly simplistic. For example, characterization of a series of novel viroid chimeras containing sequences derived from TASVd and CEVd revealed that pospiviroid pathogenicity is regulated by determinants located in multiple structural domains -not just the pathogenicity domain (Sano et a] ., 1992). Within the pathogenicity domain itself, three-dimensional conformation proved to be a much better predictor of PSTVd pathogenicity than structural stability (Owens eta] ., 1996). Finally, single mutations in a loop E motif located in the central domain of PSTVd can have dramatic effects on symptom expression (Qi and Ding, 2003b ) and host range (Wassenegger et a] ., 1996). Similar analyses have identified pathogenicity determinants in HSVd (Reanwarakorn and Semancik, 1998) , CChMVd (De la Pena and and PLMVd (Malfitano et a]., 2003) .
At present, much less is known regarding the host contribution to disease development. As described earlier, the interactions of several host proteins with viroids have been characterized in some detail; e.g. those involving tomato VirPi (Martinez de Alba et a]., 2002), cucumber phloem lectin PP2 (Gomez and Pallas, 2004) and two RNA chaperones from avocado (Daràs and Flores, 2002) . Differential activation of a mammalian interferon-induced, dsRNA-activated protein kinase by PSTVd strains of varying pathogenicity (Diener et a] ., 1991) as well as the isolation of a viroid-induced serine-threonine protein kinase from tomato (Hammond and Zhao, 2000) have also been reported. Viroid infection results in the accumulation of p(athogenesis)-r(elated) proteins and low-molecular weight metabolites such as genistic acid involved in systemic signalling (Belles et a] ., 2006), and macroarrays of tomato cDNAs have been used to assess the broader effects of PSTVd infection on host gene expression (Itaya et a]., 2002 ).
An often unspoken assumption in these studies is that disease results from the direct interaction of host cell components with either the viroid genomic RNA or perhaps the less abundant, complementary (-)strand RNA synthesized during replication. The recent discovery that viroidinfected plants also contain a variety of small viroid-related siRNAs (see earlier) highlights the many gaps in current concepts of viroid-host interaction. Filling these gaps will require a shift in emphasis from genomics of the pathogen to that of their hosts. Unfortunately, although Arabidopsis thaliana has been shown to contain the enzymatic machinery necessary to replicate representative species of the Pospiviroidae, replication rates are low, and systemic movement is impaired (DarOs and Flores, 2004) . Table 6 .2 summarizes the economic effects, distribution and measures currently used to control the viroid diseases affecting a variety of economically important crops. Under most conditions, seed and insect transmission plays only a minor role in disease spread; the primary means of viroid spread are vegetative propagation and mechanical transmission. Measures currently used to control viroid diseases are extensions of those used for virus diseases and include: (i) elimination of viroids from planting material (certified stock programmes); (ii) control of viroid spread in the field (eradication); and (iii) quarantine exclusion of new infection. Proper sanitation, including sterilization of tools and equipment between each plant (for certified stock) or between each bed, row or section (to prevent spread in the field), is critical. Many quarantine and certification programmes are currently in place to prevent viroid introduction from germplasm collections. Results are uneven, but in those cases where control has been achieved (e.g. PSTVd elimination from certified seed potato production in North America and Western Europe, Singh, 1988) , three factors have proven critical: first, the availability of rapid and sensitive diagnostic test(s) (see Chapter 12, this volume); second, adoption of either a one-pass production system or a clean stock programme where mother plants maintained under protected conditions are repeatedly tested for their infection status; and third, strict adherence to a zero-tolerance policy.
Development of new technologies
To date, no useful sources of genetic resistance to viroid infection have been identified in any plant species. For example, many tomato and potato varieties respond to PSTVd infection with very mild or no detectable symptoms, but none has been shown to be resistant or immune to infection (Singh and O'Brien, 1970 (Sano et a] ., 1997).
Although viroid accumulation and symptom expression were often reduced, useful levels of resistance have not been achieved. Many of the inhibitory effects observed are probably due to RNA silencing.
As information concerning the structural determinants regulating viroid replication and movement across tissue boundaries continues to accumulate, a third strategy to create resistance becomes increasingly feasible; i.e. the design of RNA decoys that are able to out-compete viroids for essential host factors. A stud y involving hepatitis C virus (Zhang et al.. 2005) illustrates the potential value of this approach. In this study, adenovirus-mediated expression of small RNA molecules containing stem-loop structures that act as cis-acting replication elements for hepatitis C virus reduced virus accumulation by 35-to 38-fold -presumably by preventing the binding of the viral replicase to hepatitis C virus genomic RNA.
Conclusions and New Directions
The tools needed to control or eliminate many viroid diseases -a sensitive and reliable diagnostic test as well as appropriate zero-tolerance schemes for the production of certified seed or nursery stock -have been available for some time. The virtual eradication of PSTVd from commercial potato production in North America and Europe demonstrates the efficacy of existing methods. Nevertheless, efforts continue to reduce both the cost per test and the expertise required; i.e. equipment as well as training. None of the existing hybridization-or PCR-based diagnostic tests provides results in 'real time' or under field conditions. Genetic resistance to viroid infection remains an important goal, especially for fruit trees like citrus and other woody perennials where susceptible varieties are maintained for years under unprotected field conditions. Results from previous attempts to create resistance to viroid infection using strategies developed for use against viruses have been disappointing, possibly because these strategies do not take into account significant differences between the structure and replicative strategies of viroids and RNA viruses. In this respect, two recent developments offer reason for cautious optimism.
First, several specific structural features such as the loop E motif of PSTVd and an alternative multihelix structure have been shown to play crucial roles in regulating viroid replication and host range. As described earlier, a specific host protein (i.e. VirPi) has been shown to bind to the RY motif found in the right terminal loop of PSTVd and other pospiviroids, an interaction that may be well required for both intracellular and intercellular movements. As demonstrated by initial characterization of a bipartite sequence motif that regulates PSTVd movement between mesophyll and bundle sheath cells in the leaf, these interactions will undoubtedly prove to be complex. Nevertheless, they provide the first viroid-specific targets against which RNA decoys and other yet-to-be-developed resistance strategies can be tested.
Second, the still-to-be-clarified role(s) of small viroid-related RNAs during the infection process has added a previously unsuspected degree of complexity to the interaction between viroids and their hosts. As in the case of plant viruses, current evidence indicates that RNA silencing plays an important role in the host's attempts to mount a defence against viroid infection. Indeed, it has recently been proposed that the compact, highly base-paired structure of viroids and certain satellite RNAs has evolved to resist the effects of RNA silencing (Wang et al., 2004) . This study also raises the possibility that these small viroid-related RNAs may be responsible for many of the characteristic symptoms of viroid infection. Several animal viruses encode small RNAs that target genes involved in the host immune response (Cullen, 2006) . Even more intriguingly, replication of hepatitis C virus is dependent on the binding of a specific host microRNA to the 5'-UTR of the genomic RNA (Jopling et al., 2005) . Either scenario offers exciting new opportunities to create resistance to viroid diseases.
Critical evaluation of the role of small RNAs in viroid-host interactions requires much more detailed information about likely changes in both hostencoded and viroid-derived small RNA populations during the course of infection. Fortunately, the combination of new sequencing technologies and bioinformatic analysis now allows sampling that is 'deep' enough to distinguish host microRNAs from short-interfering RNAs (Lu et a]., 2005) . These types of studies also require detailed knowledge of the sequence of the host genome, and it is here that the inability of presently known viroids to replicate and move freely in Arabidopsis (DarOs and Flores, 2004) has created what will hopefully be only a temporary bottleneck. Sequencing of the tomato genome is now approximately 20% complete, and a microarray containing approximately 10,000 tomato cDNAs is freely available (http:// sgn.cornell.edu ). The next 2-3 years should see a much clearer picture of: (i) changes in host gene expression associated with viroid infection and (ii) molecular mechanisms responsible for these changes. This information can then be used to design and test currently unimaginable strategies to render plant resistance or immunity to viroid infection.
